1. A few studies have shown that nitric oxide may exert cytotoxic and/or steroidogenic effects on cultured ovarian cells but the source of this factor within the ovary remains equivocal. 2. In this study we have investigated the effects of nitric oxide on progesterone secretion, cell viability and cell morphology of cultured rat granulosal lutein cells and examined whether granulosa cells are an important source of nitric oxide. 3. Only very low or undetectable levels of nitrites were measured in granulosa/lutein-cell-only cultures, although there was a small but significant increase in nitrite release observed in granulosal lutein cells obtained from oestrous rats compared with those obtained from proestrous rats. 4. There was a concentration-dependent inhibition of progesterone synthesis in the presence of the nitric oxide donors sodium nitroprusside and Snitroso-N-acetyl-penicillamine which corresponded with an increased concentration of nitrite accumulation in the culture medium. 5. High concentrations of nitrites were measured in the medium of granulosa/lutein cells co-cultured with peritoneal macrophages and progesterone synthesis was inhibited. This effect of the macrophages was partially reversed by inhibitors of nitric oxide synthesis, aminoguanidine, NG-methyl-L-arginine and NG-L-arginine-methyl-ester, and the reversal of inhibition was inversely proportional to the concentration of nitrites measured in the medium. Doseresponse curves for the three drugs on the inhibition of nitrite accumulation in macrophage cultures were obtained. 6. The nitric oxide scavenger c-PTIO [2-(4-carboqphenyl) -4,4,5,5-tetramethylimidazoline-l-oxyl-3-oxide.potassium salt] partially reversed the effects of S-nitroso-N-acetyl-penicillamine and macrophages on progesterone synthesis in granulosa/ lutein cells.
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With the exception of the high dose of sodium nitroprusside, there was no evidence that any of the drugs reduced cellular viability, as assessed by measurement of cellular dehydrogenases and 'Ikypan Blue exclusion, although high concentrations of nitrite in the culture medium derived either from the nitric oxide donors or macrophages were associated with a loss of morphological luteinization. 8. Based on the available evidence, we suggest that nitric oxide can inhibit steroidogenesis and that in vivo the source of nitric oxide may be from macrophages, which invade the ovary during the periovulatory period, and/or from endothelial cells of ovarian blood vessels.
INTRODUCTION
Nitric oxide (NO) is now well established as an important intracellular and intercellular messenger and there is evidence that NO may play a role in the local modulation of ovarian function [l] . It has been reported that the cytokine interleukin (IL)-lp can induce the synthesis of nitric oxide synthase (NOS) in human granulosa cells and, as a consequence, the NO so generated inhibits steroidogenesis [2] . Other studies on rat ovarian dispersates have shown that IL-1p induces both NO and prostaglandin synthesis [3, 41, although the evidence as to whether the cytotoxic effect of IL-lb on granulosa cells was mediated via NO or independent of NO was contradictory in these two studies. In contrast, a further study has shown that IL-1p prevents spontaneous apoptosis in preovulatory follicles and that this action is partially mediated by NO [5] .
We have been interested in the role of resident and infiltrating macrophages in ovarian function and, as a model to investigate such immune/endocrine interactions, we have co-cultured macrophages obtained from peritoneal fluid with granulosa cells obtained from preovulatory and freshly ruptured follicles of untreated adult rats. The studies showed a consistent dose-dependent (cell number) inhibition of steroidogenesis by co-cultured macrophages [6] and that these cultured peritoneal macrophages release high concentrations of both IL-lP [7] and NO [S] . In the latter study [8] nitrite concentrations in the medium had been measured as an index of NO production to determine whether the effects of dexamethasone in reversing the inhibitory effect of macrophages on steroidogenesis were due to its immunosuppressive properties. Dexamethasone did not significantly reduce NO production and results suggested that, rather than supressing macrophage activity, the synthetic steroid acted on granulosa cells at a site distal to CAMP production. However, the potential role of macrophage-derived NO in mediating the effects of these immune cells on steroidogenesis was not addressed in these studies.
Against this backdrop, we have investigated whether the inhibitory effects of macrophages on steroidogenesis are, at least in part, mediated by NO generated by these cells and whether or not NO exerts any cytotoxic effects on granulosa cell function and morphology. To do this we have investigated the effects of NO-generating compounds in cultured granulosaflutein (GL) cells and the effects of NO synthesis inhibitors in co-cultures. We have also looked at the effects of a NO scavenger in reversing the effects of NO.
MATERIALS AND METHODS
Female Porton Wistar rats weighing 200-250 g were housed under controlled lighting (lights on 06.00-18.00 hours) and temperature (20°C) conditions and had free access to food and water. Daily vaginal smears were taken and after at least two consecutive 4-day cycles rats were used for experimentation. Granulosa cells were obtained between 08.30 and 09.30 hours on proestrus and oestrus.
Hormones and drugs
Ovine luteinizing hormone (oLH) was obtained from the National Hormone and Pituitary NICHHD Program, NIDDK (Baltimore, MD, U.S.A.). The NOS inhibitors, and the NO donors, sodium nitroprusside (SNP) and S-nitroso-N-acetyl-penicillamine (SNAP), were all obtained from Sigma, Poole, Dorset, U.K. The NO scavenger c-PTIO [2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide.potassium salt] was obtained from Alexis Biochemicals, Nottingham, U.K.
Granulosa cell cultures and co-cultures
The methods for granulosa cell culture have been described in detail previously [6, 81. Briefly, ovaries from four to six animals were teased apart in icecold saline and follicles (>400 pm) from ovaries of proestrous rats or freshly ruptured follicles from oestrous rats were dissected. After rupture of the follicles in culture medium, granulosa cells from proestrous animals were dispersed by passing the cellular suspension through a 25-gauge needle and recovered by centrifugation. In the case of GL cells from freshly ruptured follicles, they were incubated in culture medium containing 2 mg/ml collagenase, 10mg/ml BSA and lOpg/ml DNase (all from Sigma) for 15min to aid dispersion of the cells. After two washes and further passages through a syringe needle all cells were cultured in McCoy's 5A medium containing 25 mmol/l Hepes, 2 mmol/l glutamate, 0.1% wt/vol. BSA (all from Sigma), 100 units/ml penicillin and 100 pg/ml streptomycin sulphate [Life Sciences (Gibco), Paisley, Scotland]. They were plated out in 0.5 ml aliquots at a concentration of 3 x lo5 cells/ml and cultured for 24 h with culture medium containing 5% fetal calf serum (Life Sciences). Fresh serum-free medium was replaced after this time, appropriate drugs were added in 5 p1 aliquots and cells were cultured for a further 48 h before samples were taken for analysis.
Macrophages were obtained from saline washings of the peritoneal cavity and isolated by their ability to adhere to the base of the culture wells during a 2 h incubation in medium containing 5% fetal calf serum. This technique for separating peritoneal macrophages of > 95% purity has been described and validated previously [6] . After 2 h and two washes, 0.5 ml of granulosa cell suspension (3 x lo5 cells/ml) was added to approximately 5 x lo4 adherent macrophages and cultured as for granulosa-cell-only cultures. In all experiments granulosacell-only cultures were paired with co-cultures so that direct comparisons could be made. For the dose-response curves, 0.5 ml of culture medium was added to the adherent macrophages, cells were cultured for 24 h and then fresh serum-free medium was added with the appropriate concentration of NOS inhibitors. The morphology of cells was investigated using Nomarski optics and subsequently an assessment of cell viability was made.
Nitrite and progesterone assays
The accumulation of nitrite in the medium was measured by mixing 50 pl of conditioned medium with 50 pl of Griess reagent and, after incubation for 10 min at room temperature, absorbency was read at 550nm in a scanning microplate reader (Anthos Lab Tec Instruments, Slazberg, Austria) and concentrations determined against a standard curve using sodium nitrite as a standard. Interassay variation was <lo%, as determined by assaying an aliquot of pooled samples from macrophage cultures with each assay, and the sensitivity of the assay was 0.5 pmolfl. Progesterone concentrations in the media were measured by direct RIA (ICN Biomedicals, Thame, Oxfordshire, U.K.) which has been validated for measuring the steroid in both plasma and culture medium. Cross-reactivity of the anti- serum with 17a-hydroxyprogesterone and pregnenolone was 2% and 0.3% respectively; the sensitivity of the assay was 0.2 nmol/l and interassay variation was 7%.
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Statistical analysis
Data points represent means SEM of triplicate cultures obtained from at least three independent experiments, and for all experiments controls (granulosa cells only with and without gonadotrophins) were routinely run to ensure normal responsiveness for each batch of granulosa cells. Statistical significance between two groups was determined with a Student's t-test, but when more than two groups were being compared an analysis of variance followed by Gabriel's test was used. The latter test is suitable for groups of unequal size.
RESULTS
GL cells obtained from untreated proestrous rats produced only low or undetectable concentrations of progesterone in the culture medium but in the presence of 100 ng/ml oLH, progesterone accumulation was stimulated (Fig. 1) . In contrast, GL cells from oestrous animals showed high levels of basal progesterone synthesis with only a small steroidogenic response to oLH which reached statistical significance in some groups of data ( Fig. 1) but not in others (Fig. 2) . Nitrite production in GL cells of proestrous rats was either very low or undetectable ( Fig. 1 ) but in GL cells from oestrous rats there was a small but significant (P <0.01) increase in nitrite release (2.25 k0.56 ,umol/l). The nitric oxide donor, SNP, increased nitrite production and inhibited both basal and oLH-stimulated progesterone accumulation in a concentration-dependent manner (Fig. 1) . Interestingly the presence of oLH increased the accumulation of nitrites induced by the lower dose of SNP (10-4mol/l) in GL cells from both proestrous and oestrous animals compared with nitrites measured in the absence of oLH. A similar concentration-dependent inhibition of progesterone synthesis was observed in the presence of another nitric oxide donor, SNAP, which is structurally very different from SNP. However, in this case oLH did not increase nitrite accumulation induced by SNAP (Fig.   2 ). Forskolin had a small but insignificant (P < 0.1) stimulatory effect on progesterone synthesis in GL cells from oestrous rats but, with the exception of the low-dose SNAP (10-4mol/l), was unable to stimulate progesterone in GL cells in the presence of NO donors (Fig. 3) . mol/l) was shown to have cytotoxic effects on cultured granulosa cells while SNAP did not significantly reduce cellular dehydrogenases compared with control cultures even though mean levels were lower than controls (Table 1) markedly reduced and the inhibitory effects of the macrophages on both basal and oLH-stimulated progesterone accumulation were partially reversed (Fig. 4) . However, the inactive isomer, D-NNMA, had no effect on macrophage inhibition (results not shown). Co-cultured macrophages also inhibited progesterone synthesis in the presence of mol/l forskolin but when NO synthesis was inhibited with two different compounds, P-L-arginine-methylester (L-NAME) and aminoguanidine, both at a concentration of mol/l, nitrite accumulation was reduced and there was an inversely proportional increase in forskolin-induced progesterone release (Fig. 5) . Dose-response curves of cultured macrophages to the three NOS inhibitors showed that L-NAME was the least potent drug (Fig. 6) .
Finally, the NO scavenger c-PTIO was shown to have no effect on progesterone synthesis from cultured GL cells but reversed the inhibitory effects of SNAP and partially reversed the inhibitory effects of co-cultured macrophages (Fig. 7) . c-PTIO is a drug which rapidly converts NO to nitrite and hence increases the concentrations of nitrite in the medium.
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Basal progesterone synthesis is typically absent in granulosa cells obtained from untreated adult proestrous rats, although they consistently show a good steroidogenic response to both oLH and forskolin. In these studies a maximal stimulating dose of these drugs was used, as determined in previous experiments. In contrast, GL cells from the ruptured follicles of oestrous rats show high basal progester- one production and their responses to oLH and forskolin are proportionately reduced compared with granulosa cells from proestrous rats. Indeed, in some experiments, oLH failed to produce a significant stimulation of progesterone synthesis, suggesting a marked reduction of LH receptors in GL cells from freshly ruptured follicles or an uncoupling of receptors to signal transduction mechanisms.
Progesterone synthesis was inhibited in GL cells cultured in the presence of two structurally distinct NO donors and similar effects were observed when GL cells were co-cultured with peritoneal macrophages which produce high concentrations of NO.
In both cases morphological luteinization of the granulosa cells was inhibited. Measurement of cellular dehydrogenases and the Trypan Blue exclusion test suggested that the high concentration of SNP had significant cytotoxic effects on granulosa cells, and although there were no significant cytotoxic effects with SNAP, both tests of cell viability showed that the high concentration of this drug did reduce the mean number of viable cells. However, it should be noted that if NO inhibits one of the major NAD+-dependent dehydrogenases in the GL cells, namely 3P-hydroxysteroid dehydrogenase, which converts pregnenolone to progesterone, this would decrease the generation of reduced NADH and thus decrease the reduction of MTT. This could give a false value of viability in the MTT test, although the Trypan Blue exclusion test supported a cytotoxic action of the drugs at high concentrations. However, our previous studies using transwell cultures showed that macrophages (which also produce high concentrations of NO) did not exert cytotoxic effects on granulosa cells [6] , and in this study there was no evidence that the inhibition of NOS and hence NO production nor a scavenger of NO improved cellular viability in either co-cultures and/ or GL cells treated with the NO donor, SNAP. Thus it would appear that NO does have a direct inhibitory effect both on morphological luteinization and steroidogenesis which cannot be attributed to cell death. In this respect, if inhibition of steroidogenesis is simply a reflection of inhibition of morphological luteinization, then it may not be appropriate to think of NO donors as specifically inhibiting steroid synthesis.
Inhibition of steroidogenesis in GL cells was shown to be inversely proportional to the concentrations of NO (as assessed by nitrite accumulation) generated in the culture medium by NO donors. A similar relationship was observed in the co-cultures when NO production by macrophages was reduced with inhibitors of NOS. Thus L-NAME, which is a more potent inhibitor of endothelial (e)NOS than inducible (i)NOS, was less effective in reducing nitrite accumulation and reversing the effects of macrophages on forskolin-induced progesterone release compared with aminoguanidine which is a potent inhibitor of iNOS, as is L-"MA.
The results were supported by dose-response curves obtained with L-NAME, L-NNMA and aminoguanidine (Fig.  6) , although it should be noted that these were obtained in macrophage-only cultures and not in co-cultures which may respond differently to the NOS inhibitors.
However, even when NO concentrations were reduced to less than 5 pmol/l in the co-cultures, the inhibitory effect of macrophages was only partially reversed. For example, basal progesterone concentrations in the medium of GL cells from oestrous rats are typically between 30 and 60nmol/l compared with less than 10 nmol/l in co-cultures. In the presence of NOS inhibitors, basal progesterone concentrations do increase but rarely beyond 15-20 nmol/l, suggesting there are other factors released by macrophages which inhibit steroidogenesis. iNOS inhibitors had no effect when added to GL cells only (results not shown).
Several questions need to be addressed. Firstly, these results show that GL cells from rat ovaries do not produce significant concentrations of NO despite the presence of arginine in the culture medium. This contrasts with studies by Van Voorhis et al. [2] who showed that GL cells from women undergoing IVF procedures were capable of converting L-arginine to citrulline and, using polymerization chain reaction amplification, demonstrated the presence of mRNA for eNOS. eNOS itself was identified by immunohistochemistry. However, it should be noted that human granulosa/luteal cells from IVF programmes have been reported to contain between 15 and 40% leucocytes [sa], and macrophages have been identified in human follicular fluid [9] . That said, activated macrophages produce iNOS as opposed to eNOS [l] .
Several aspects of the investigation by Van Voorhis et al. [2] agree with our own results. The NO donor SNAP inhibited both oestradiol and progesterone release in a dose-dependent manner, an effect which could be reversed by the NO scavenger, haemoglobin. In parallel, the NOS inhibitor, L-"MA, increased both progesterone and oestradiol release compared with controls. As a result of further experiments they concluded that NOS is present in human GL cells and that it inhibits oestradiol release by inhibiting aromatase activity by an action independent of cGMP.
Several studies have shown that IL-10 induces a dose-dependent nitrite production in rat ovarian dispersates and that the concentration of nitrites mea-sured in the culture medium is dependent both on cell number and time of culture [3, 4, 101 . BenShlomo et al. [lo] further showed that neither granulosa cells nor thecal cells responded to IL-1 p, but when both cell types were cultured together nitrite accumulation after 96 h was significantly increased. However, the increase was only 50% of the response measured in whole ovarian dispersates. Since there are both resident and infiltrating macrophages and other leucocytes in the ovary [ll] , ovarian dispersates will inevitably contain macrophages and other immune cells. These macrophages could be activated by IL-1p and hence be the source of NO. Indeed, using immunoprecipitation, IL-lp has been found to induce the synthesis of iNOS in ovarian dispersates [lo] .
Ellman et al. [3] reported that NO mediates the cytotoxic effects of IL-lp on whole ovarian dispersates, although their data show that these effects were only manifest after 72 and 96 h culture, not at 48 h, the time period used in the present experiments after the addition of drugs. In contrast, BenShlomo et a1 [lo] reported that the cytotoxic effects of IL-1p on ovarian dispersates during a 96 h culture period were not mediated by NO.
Low levels of NOS activity have been detected in the rat testes but NOS immunoreactivity and NADPH diaphorase histochemistry showed that NOS was confined to the vascular endothelium and was absent from the interstitial Leydig cells, seminiferous tubules and germ cells [12] . This is interesting because numerous tissue macrophages are present within the interstitial compartment, lying adjacent to the Leydig cells [13, 141. A functional role of NO in testicular function has been suggested by studies in vivo [15, 161 which showed that oral administration of NOS inhibitors or NO donors increased or decreased testosterone secretion respectively. However, the authors concluded that these effects were due to the vasoactive properties of NO rather than a direct effect on the steroidogenic pathway since vasodilators which do not have prominent NO-related activity also suppressed testosterone secretion and inhibited the stimulatory effect of an NOS inhibitor.
A similar vasoactive role for NO in the ovary was proposed by Shukovski and Tsafriri [17] . They found that inhibitors of NOS injected into the peritoneal cavity or more locally into the periovarian sac inhibited human chorionic gonadotropin-induced ovulation in the immature rat. The effects were completely reversed by a NO donor. Since ovulation is associated with increased ovarian blood flow and extravasation of blood in periovulatory follicles [18] , it is quite possible that NO does play a role in blood flow changes in preovulatory follicles. However, it is also quite reasonable to consider NO as a local modulator of steroidogenesis since many of its actions are mediated by iron-containing enzymes such as guanylate cyclase and cyclo-oxygenase [19]; the cytochrome P-450 steroidogenic enzymes also contain an iron-haem centre [20] .
In summary, while NOS has been shown to be present in ovarian cells there is conflicting evidence as to whether it is the inducible or endothelial form of the enzyme. Furthermore, there are conflicting ideas regarding the cellular source of NO within the ovary. However, these and previous studies do suggest that NO can modulate steroidogenesis by a direct action on steroid-secreting cells rather than by exerting its effects on local ovarian blood flow, and that the action of NO is at a site beyond the gonadotrophin receptor and generation of CAMP.
